ZFP42 zinc finger protein (REX1), a pluripotency marker in mouse pluripotent stem cells, has been identified as a tumor suppressor in several human cancers. However, the function of REX1 in cervical cancer remains unknown. Both IHC and western blot assays demonstrated that the expression of REX1 protein in cervical cancer tissue was much higher than that in normal cervical tissue. A xenograft assay showed that REX1 overexpression in SiHa and HeLa cells facilitated distant metastasis but did not significantly affect tumor formation in vivo. In addition, in vitro cell migration and invasion capabilities were also promoted by REX1. Mechanistically, REX1 overexpression induced epithelial-to-mesenchymal transition (EMT) by upregulating VIMENTIN and downregulating E-CADHERIN. Furthermore, the JAK2/STAT3signaling pathway was activated in REX1-overexpressing cells, which also exhibited increased levels of p-STAT3 and p-JAK2, as well as downregulated expression of SOCS1, which is an inhibitor of the JAK2/STAT3-signaling pathway, at both the transcriptional and translational levels. A dual-luciferase reporter assay and qChIP assays confirmed that REX1 transsuppressed the expression of SOCS1 by binding to two specific regions of the SOCS1 promoter. Therefore, all our data suggest that REX1 overexpression could play a crucial role in the metastasis and invasion of cervical cancer by upregulating the activity of the JAK2/STAT3 pathway by trans-suppressing SOCS1 expression.
Introduction
Cervical cancer is the fourth most commonly diagnosed cancer worldwide and the second leading cause of cancerrelated death among women in developing countries [1] .
Epidemiological case series have shown that 99.7% of cervical carcinoma cases are positive for human papillomavirus (HPV) [2] . HPV16 and HPV18 are the high-risk, carcinogenic HPV genotypes that account for~55-60% and 10-15% of all cervical cancers, respectively [2] [3] [4] . Although high-risk HPV is the most important carcinogenic factor for cervical cancer development [2] , including the activation of oncogenes and inactivation of tumor suppressors, are also necessary for tumorigenesis and the development of cervical cancer. For example, p53 protein overexpression during cervical tumorigenesis could play a pivotal role in cervical cancer progression as a late event [5] . In contrast, promoter methylation and the loss of the expression of PTEN, which acts as an antioncogene, occur frequently in carcinomas of the uterine cervix [6] . Our laboratory also clarified that some stem cell-related genes are associated with the carcinogenesis of cervical cancer. For example, EZH2 and DAX1 can promote WNT/ β-CATENIN signaling-dependent cell expansion in cervical carcinoma [7, 8] . Moreover, SLUG, SOX9, and KLF4 have been demonstrated to suppress cell proliferation in vitro and tumor growth in vivo by different mechanisms [9] [10] [11] .
These authors contributed equally: Yu-Ting Zeng and Xiao-Fang Liu REX1 (reduced expression-1), also known as ZFP42 (zinc finger protein-42), is a member of the zinc finger protein family of transcription factors, and the expression of REX1 is rapidly reduced by retinoic acid in F9 teratocarcinoma cells. The REX1 gene encodes a protein containing four Cys-His-type zinc finger domains with similarities to the Yin Yang-1 (YY1) transcription factor [12, 13] . REX1 is a widely used genetic marker of pluripotency in human stem cells, and the expression of REX1 is positively linked to increased pluripotency in human and mouse embryonic stem cells [14, 15] . Furthermore, REX1 plays different roles in different cancers. On the one hand, REX1 can act as an antioncogene in prostate cancer, clear cell renal cell carcinoma, and esophageal squamous cell carcinoma (ESCC) [16] [17] [18] . On the other hand, REX1 can act as an oncogene in malignant glioblastoma multiforme patients by inducing p38/JNK and AKT/PI3K/GSK3β signaling and by leading to apoptosis [19] . As far as we known, there is no report on the function of REX1 in cervical carcinoma.
In the present study, we are the first to reveal that REX1 could facilitate the migration and invasion of cervical cancer cells in vitro and distant tumor metastasis in vivo by activating the JAK2/STAT3-signaling pathway in cervical cancer through trans-suppressing the expression of suppressor of cytokine signaling 1 (SOCS1).
Results
The expression of REX1 protein in normal cervix and cervical carcinoma samples To explore the role of REX1 in cervical carcinogenesis, REX1 protein expression was detected in normal human cervix (NC, N = 30) and invasive cervical squamous cell carcinoma (SCC, N = 48) samples using immunohistochemistry ( Fig. 1a ). REX1 staining was classified into three categories: negative, weak positive, and strong positive. The percentage of strongly positive REX1 staining was 10.00% in NC tissue (3/30) and 47.9% in SCC tissue (23/48) . The percentage of weakly positive REX1 staining was 36.7% in NC tissue (11/30) and 29.2% in SCC tissue (14/48) . The percentage of negative REX1 staining was 53.3% in NC tissue (16/30) and 22.9% in SCC tissue (11/48) . The positive rate (including weak positive and strong positive) of REX1 staining in SCC was significantly higher than that in NC (77.1% vs 46.7%, Fig. 1b , Table S1 , p < 0.01). Moreover, the immunoreactivity score (IRS) of REX1 staining also increased from 3.567 ± 0.438 in NC samples to 6.354 ± 0.486 in SCC samples ( Fig. 1c , p < 0.001). In addition, the expression level of REX1 was detected by western blotting in seven NC tissue samples and ten SCC samples, all of which were selected randomly (Fig.  1d ). The expression level of REX1 relative to that of GAPDH was much higher in SCC tissue than in NC tissue ( Fig. 1e , p < 0.001).
Furthermore, we analyzed REX1 expression in 304 patients with cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC) including 260 SCC, 22 endocervical type of adenocarcinoma, 15 mucinous adenocarcinoma of endocervical type, and 7 adenosquamous in The Cancer Genome Atlas (TCGA) RNAseq database. The patients were divided into two groups according to their distant metastasis status listed in the clinical information of the TCGA clinical database, including 29 patients with distant metastasis and 275 patients with no distant metastasis. The mRNA expression level of REX1 in the patients with distant metastasis was found to be significantly higher than that of the patients without distant metastasis ( Fig. 1f , p < 0.001). Moreover, survival analysis of the correlation between REX1 expression and overall survival probability of CESC patients, as assessed by Kaplan-Meier estimator, showed that as REX1 expression increased, the probability of CESC patient survival decreased ( Fig. 1g , p = 0.011). All of these results suggest that REX1 might function as a promoter of cervical carcinogenesis and development.
REX1 promotes distant metastasis in cervical cancer in vivo
Immunocytochemical assays and western blot analyses were performed in cervical cancer cell lines. It is revealed that REX1 expression was found in cervical cancer cell lines ( Fig. S1a, b ). To identify the effect of REX1 on cervical cancer in vivo, a total of 1 × 10 6 REX1-overexpressing SiHa or HeLa cells and the respective control cells were injected subcutaneously into female nude mice at the same time to assess tumor formation. As shown in Fig. S2 , the volume and weight of the tumors formed by SiHa-REX1 and HeLa-REX1 cells were not significantly different from the same parameters of the tumors formed by the respective control cells ( Fig. S2a-f) . Surprisingly, macroscopic metastatic focuses, in which a large number of tumor cells infiltrated with inflammatory cells could be observed by staining with hematoxylin and eosin (H&E-stained), were observed in the liver and lung tissues of the xenograft mice injected with REX1-overexpressing cells ( Fig. 2a, c) . The average number of metastatic lesions observed under microscopy in a liver section from the SiHa-REX1 group was 3.5 ± 1.643, threefold more than that from the SiHa-GFP group (1.0 ± 0.6325, Fig. 2b , p < 0.01). Similarly, metastatic lesions were found in the lung tissue, with an average number of 4.0 ± 1.789 lesions in the HeLa-REX1 group, more than threefold higher than the 1.333 ± 0.8165 lesions in the HeLa-GFP group (Fig. 2d , p < 0.01).
To further study the effect of REX1 on distant metastasis in vivo, 5 × 10 5 REX1-overexpressing SiHa or HeLa cells and the control cells were injected respectively into female nude mice via the tail vein. The organ metastases in nude mice were observed after one and a half months. The metastatic tumor lesions of the REX1-overexpressing group and the control group were counted under microscopy by H&E staining ( Fig. 2e, g) . The average number of metastatic lesions in one section of lung tissue (Fig. 2f ) from the SiHa-REX1 group was 20.67 ± 6.713, threefold greater than that from the SiHa-GFP group (6.167 ± 2.85, p < 0.001). Similarly, the average number of metastatic lesions in one section of lung tissue ( Fig. 2h ) from the HeLa-REX1 group was 7.667 ± 3.011, fourfold more than that from the HeLa-GFP group (1.833 ± 1.835, p < 0.01). All of these results demonstrate that the REX1 protein promotes the distance metastasis of cervical cancer in vivo.
REX1 promotes the migration and invasion of cervical cancer cell lines in vitro
To explore the mechanism by which REX1 promotes the migration and invasion of cervical cancer, we evaluated the ability of REX1 overexpression to influence the motility of SiHa and HeLa cells using a wound-healing assay and a Transwell assay in vitro. In the wound-healing assay, SiHa-REX1 and HeLa-REX1 cells closed the wound to a greater extent in either direction than the SiHa-GFP and HeLa-GFP cells, respectively. A significant increase in wound closure was found with SiHa-REX1 cells after 48 h (p < 0.05) and 72 h (p < 0.001) and with HeLa-REX1 cells after 24 h (p < 0.001), 48 h (p < 0.001), and 72 h (p < 0.001) compared with wound closure by the respective control cells ( Fig.  3a-d) . Similarly, in a Transwell migration assay, after incubating for 48 h, the numbers of SiHa-REX1 and HeLa-REX1 cells (797.7 ± 187.5 and 972.9 ± 344.2, respectively) migrating across the uncoated membrane were threefold greater than those of SiHa-GFP and HeLa-GFP cells (246.1 ± 66.12 and 321.4 ± 183.4, respectively, p < 0.001) ( Fig. 3e -g). All of these results demonstrate that REX1 overexpression significantly increases the migration capacity of SiHa and HeLa cells in vitro.
Furthermore, the effect of REX1 on the invasion capability of SiHa and HeLa cells was detected in a Transwell invasion assay where the cells invaded an artificial basement membrane made of Matrigel. The numbers of SiHa-REX1 and HeLa-REX1 cells (704.4 ± 169.1 and 393.5 ± 127.2, respectively) invading across the Matrigel membrane were threefold greater than those of SiHa-GFP and HeLa-GFP cells (249.2 ± 138.2 and 131.5 ± 19.44, respectively, p < 0.001), respectively, after incubating for 48 h ( Fig.  3h -j). All these results demonstrate that REX1 overexpression enhances the migration and invasion capacities of SiHa and HeLa cells in vitro.
REX1 facilitates the epithelial-mesenchymal transition by regulating EMT-related proteins
To explore whether REX1 promotes the migration and invasion of cervical cancer, a transcriptome sequencing analysis of three HeLa-REX1 monoclonal cell lines and three HeLa-GFP monoclonal cell lines was performed ( Fig.  4a ). Gene Ontology (GO) enrichment analysis identified 33 epithelial-to-mesenchymal transition (EMT)-related genes, which are involved in the extracellular matrix, collagen trimer, cell junctions, or cytoskeleton, whose expression significantly changed between the two groups ( Fig. 4b ).
Four classic EMT-related genes of the 33 genes, E-CADHERIN, VIMENTIN, MMP2, and MMP9, and other important modulators of EMT, SNAIL1, SLUG, ZEB1, ZEB2, and TWIST were chosen for validation. Real-time PCR showed that the mRNA expression levels of E-CADHERIN (using β-ACTIN as a reference gene) were significantly decreased, and the levels of MMP2, MMP9, and VIMENTIN (using β-ACTIN as a reference gene) were significantly increased (p < 0.05) in the REX1overexpressing cells (the expression level of MMP2 was not significantly increased in HeLa-REX1 compared with that of the HeLa-GFP cells) compared with the respective control cells ( Fig. 4c, d ). The mRNA level of SNAIL1 was increased in SiHa-REX1 cells but decreased in HeLa-REX1 cells. The mRNA levels of SLUG, ZEB1, ZEB2, and TWIST (using β-ACTIN as a reference gene) were not altered significantly after REX1 overexpression in HeLa and SiHa cells compared with those in the respective control cells ( Fig. 4c, d ). Moreover, western blotting analysis showed that the protein expression level of E-CADHERIN was lower, and the protein expression levels of MMP9 and VIMENTIN were much higher in the REX1-overexpressing cells than the respective control cells, which was consistent with the mRNA results ( Fig. 4e, f ). Furthermore, an Fig. 1 The expression of REX1 in normal cervix and cervical carcinomas samples. a Immunohistochemical (IHC) detection of REX1 in normal cervical samples (NC) and cervical squamous cell carcinoma (SCC) samples. REX1 staining was classified into three levels according to staining intensity (negative, weak positive, and strong positive), original magnification, ×400. b The bar chart showed the percentage of REX1-positive staining containing weak positive and strong positive in NC (n = 30) and SCC (n = 48). c The scatter plots showed the IHC scores obtained for the staining of REX1 in NC and SCC (points represent the IHC score per specimen, Student's t-test is performed). d The expression of REX1 in NC (n = 7) and SCC (n = 10) samples was detected using western blotting. e The relative expression of REX1 in each tissue was shown. The data shown were the ratios of the REX1/GAPDH of each specimen and the means ± standard error of the NC and SCC groups. f Cervical cancer patients were classified into two groups (29 patients with distant metastasis and 275 patients with no distant metastasis) according to the TCGA clinical data, and the mRNA expression of REX1 of two groups in the TCGA database by RNAseq was shown. This dataset shows the genelevel transcription estimates of REX1, by RSEM normalized count, percentile ranked within each sample. Data were statistically analyzed with Student's t-test and values are shown as the mean ± SD. g The relationship between survival probability of CESC patients (n = 304) and the expression level of REX1 in their tumors was shown by Kaplan-Meier estimator in the TCGA database. **p < 0.01, ***p < 0.001 immunocytochemistry analysis showed a decrease in E-CADHERIN expression and an increase in VIMENTIN expression in SiHa-REX1 and HeLa-REX1 cells compared with the respective control cells ( Fig. 4g ). Immunohistochemical staining was also used to detect the expression of E-CADHERIN and VIMENTIN in lung tumor tissue from nude mice. E-CADHERIN expression was downregulated and VIMENTIN expression was upregulated in the lung metastatic foci of mice that received REX1-overexpressing cells compared with those of the mice that received the respective control cells ( Fig. S3a , IRS shown in Fig. S3b ). All of these results indicate that REX1 overexpression promotes the migration and invasion, as well as the metastasis of cervical cancer cells, possibly by regulating classical EMT-related genes, including MMP9, VIMEN-TIN, and E-CADHERIN. The scatter plots showed the number of lesions in the livers/lungs as mean ± SD (n = 6). a, b SiHa-REX1 and SiHa-GFP cells. c, d HeLa-REX1 and HeLa-GFP cells. e-h Female BALB/c nude mice were injected via tail vein with the SiHa and HeLa cells that overexpress REX1 and the respective control cells, n = 6 mice per group. Representative lungs and hematoxylin and eosin-stained images presented to show metastatic nodules in the lungs (scale bar, 500 μm and 200 μm). The scatter plots showed the number of metastatic nodules in the lungs as mean ± SD (n = 6). e, f SiHa-REX1 and SiHa-GFP cells. g, h HeLa-REX1 and HeLa-GFP cells. For each sample, all micrometastases were counted under a light microscope at ×10 magnifications. Three sections were counted per mouse sample at 50 μm intervals and average the results. Data were statistically analyzed with Student's t-test and values are shown as mean ± SD. **p < 0.01, ***p < 0.001
Fig. 3 REX1 enhances migration and invasion ability of SiHa and HeLa cells in vitro. a, b
The migratory potential of REX1overexpressing SiHa or HeLa cells and the respective control cells was analyzed in a wound-healing assay for 0, 24, 48, and 72 h. Scale bar, 200 μm. c, d Scratch area of REX1-overexpressing SiHa or HeLa cells and the respective control cells was shown as mean ± SD from three independent experiments using triplicate measurements and statistically analyzed with Student's t-test in each experiment. e, f The migratory potential of REX1-overexpressing SiHa or HeLa cells and the respective control cells was analyzed by the transwell cell migration assay. Scale bar, 100 μm. g Number of migratory cells was shown as mean ± SD from three independent experiments using triplicate measurements and statistically analyzed with Student's t-test in each experiment. h, i The invasive potential of REX1-overexpressing SiHa or HeLa cells and the respective control cells was analyzed by the transwell cell invasion assay. Scale bar, 100 μm. g Number of invasive cells was shown as mean ± SD from three independent experiments using triplicate measurements and statistically analyzed with Student's t-test in each experiment. *p < 0.05, ***p < 0.001
REX1 activates the JAK2/STAT3 pathway by downregulating SOCS1 expression in SiHa and HeLa cells
To the best of our knowledge, these classical EMT-related genes are downstream targets of the JAK2/STAT3-signaling pathway, which is negatively regulated by the SOCS family [20] [21] [22] [23] [24] [25] [26] [27] . Therefore, we investigated the expression of the key proteins of the JAK2/STAT3 pathway in the present study. As shown in Fig. 5 , the protein levels of p-STAT3 (Tyr705), p-JAK2 (Tyr1007/1008), and JAK2 were much higher in the SiHa-REX1 and HeLa-REX1 cells than in the respective control cells ( Fig. 5a , b, p < 0.05). However, the JAK2 mRNA expression level was lower in HeLa-REX1 cells than in HeLa-GFP cells, and there were no significant differences in JAK2 mRNA expression between SiHa-REX1 and SiHa-GFP cells ( Fig. S3c ), suggesting that JAK2 expression could be regulated at the protein level by upstream genes. Therefore, the negative regulators of the JAK2/STAT3 pathway, SOCS1 and SOCS3, were selected as target genes for our further research.
Western blotting and RT-PCR analysis showed that SOCS1 expression, at both the protein and mRNA levels, was lower in SiHa-REX1 and HeLa-REX1 cells than in the respective control cells ( Fig. 5a -c, p < 0.05). However, the expression of SOCS3 at both the mRNA and protein levels was not significantly changed after REX1 overexpression in SiHa and HeLa cells ( Fig. 5a-c) . Therefore, we hypothesized that REX1 activates the JAK2/STAT3-signaling pathway by inhibiting the expression of SOCS1 rather than SOCS3. Moreover, SOCS1 protein expression was decreased, and JAK2 protein expression was increased in the lung metastatic foci of mice that probably received REX1-overexpressing cells compared with those of the mice that received the respective control cells ( Fig. 5d , e, p < 0.001). To confirm the kinetic impact of REX1 on SOCS1 expression, 4 µg of recombinant REX1 plasmids or control plasmids were transiently transfected into 293T cells, SiHa and HeLa cells. The mRNA expression levels of SOCS1 and REX1 were detected by the RT-PCR assay every 12 h. With the time extension after REX1 plasmids transfection, SOCS1 mRNA was significantly decreased at 48 h in 293T cells, 60h in SiHa cells, and 72 h in HeLa cells ( Fig. S4a -c, p < 0.05), suggesting that the expression of SOCS1 is regulated by REX1 in a timedependent manner. To further study the regulation of the SOCS1/JAK2/STAT3-signaling pathway by REX1, different doses of recombinant REX1 plasmids or control plasmids were transiently transfected into 293T cells. As the concentration of the transfected REX1 plasmids increased, the expression of REX1 increased gradually; concomitantly, noticeable downregulation of SOCS1 and upregulation of JAK2, p-JAK2, and p-STAT3 proteins occurred ( Fig. S4d , e, p < 0.05), suggesting that the regulation of the SOCS1/ JAK2/STAT3-signaling pathway by REX1 is dose dependent in 293T cells. All these results suggest that REX1 overexpression might activate the JAK2/STAT3 pathway and regulate the expression of EMT-related genes by inhibiting the mRNA and protein expression of SOCS1.
To assess whether REX1 activates the JAK2/STAT3 pathway by repressing the promoter of SOCS1, a dualluciferase reporter assay was performed to study the activity of the SOCS1 promoter. Reporter constructs containing the full-length SOCS1 promoter region, from −2024 to +504 (the SOCS1 transcription start site is at 0), and other truncated fragments were transiently transfected into REX1overexpressing cells and the respective control cells. The luciferase activity of the full-length SOCS1 promoter in both HeLa-REX1 and SiHa-REX1 cells was significantly lower than that in the respective control cells ( Fig. 5f , g, p < 0.001). However, there was no significant difference in the luciferase activity of the reporters containing other truncated fragments between the REX1-overexpressing cells and the respective control cells, suggesting that REX1 trans-suppresses SOCS1 expression by binding to the −2024 to −1596 region of the SOCS1 promoter in SiHa and HeLa cells.
Furthermore, a quantitative chromatin immunoprecipitation (qChIP) assay was performed to determine whether REX1 protein binds to the −2024 and −1596 regions of the SOCS1 promoter. Four pairs of primers were designed to amplify the four P1-P4 fragments of the −2024 and −1596 SOCS1 promoter regions ( Fig. 5h and Table S2 ). As shown in Fig. 5i , significantly more P1 and P3 promoter fragments were amplified by RT-PCR in SiHa-REX1 cells than in SiHa-GFP cells after immunoprecipitation with the REX1 antibody (p < 0.001). However, there was no significant antibody. Furthermore, there was no significant difference in the amplification of any of the four P1-P4 promoter fragments by RT-PCR between the SiHa-REX1 cells and SiHa-GFP cells after immunoprecipitation with the IgG control antibody. Similar results were also acquired with HeLa-REX1 and HeLa-GFP cells (Fig. 5j ). All of these results indicate that REX1 binds to the P1 and P3 fragments of the SOCS1 promoter to trans-suppress SOCS1 in SiHa and HeLa cells.
SOCS1 overexpression or treatment with the JAK2/ STAT3 inhibitor WP1066 inhibits REX1-induced SiHa and HeLa cell migration and invasion
To further confirm that REX1 promotes the migration and invasion of SiHa and HeLa cells by trans-suppressing SOCS1 and activating the JAK2/STAT3-signaling pathway, recombinant SOCS1 (GV492-SOCS1-3Flag-GFP) and control plasmids were transiently transfected into SiHa-REX1 and HeLa-REX1 cells, respectively. As shown in Fig. 6 , the JAK2, p-JAK2 (Tyr1007/1008), p-STAT3 (Tyr705), and VIMENTIN protein levels were much lower in the SiHa-REX1 and HeLa-REX1 cells transfected with the SOCS1 plasmids than the cells transfected with control plasmids (Fig. 6a, b , p < 0.05). In addition, the migration and invasion of the SiHa-REX1 and HeLa-REX1 cells transfected with the recombinant SOCS1 plasmids were much weaker than those of the cells transfected with control plasmids (Fig. 6c, d , p < 0.01).
Furthermore, SiHa and HeLa cells were treated with a STAT3-specific activator, Colivelin. As shown in Fig. S5 , SiHa and HeLa cells treated with Colivelin for 8 h and 24 h at concentrations of 1 μmol/mL and 2 μmol/mL, respectively. The levels of p-STAT3(Tyr705) and VIMENTIN protein were increased compared with those in the untreated control cells (Fig. S5a, b , p < 0.05). In addition, after Colivelin treatment, SiHa and HeLa cells acquired much stronger abilities in the cell migration and invasion (Fig.  S5c, p < 0.05) . Therefore, the activation of STAT3 pathway promotes the migration and invasion of cervical cancer cells. Moreover, the JAK2/STAT3-specific inhibitor WP1066 was used to further assess whether the activation of the JAK2/STAT3-signaling pathway is indispensable for the migration and invasion of cervical cancer cells affected by REX1. WP1066 has been shown to inhibit the activity of p-JAK and p-STAT3 and reduce the level of JAK2 protein. Therefore, as shown in Fig. 6e , f, in SiHa-REX1 and HeLa-REX1 cells treated with WP1066 for 24 h at concentrations of 2 µmol/mL and 4 µmol/mL, respectively, the level of VIMENTIN protein as well as the levels of JAK2, p-JAK2 (Tyr1007/1008), and p-STAT3 (Tyr705) protein was decreased compared with those in the corresponding untreated cells (p < 0.01). In addition, the migration and invasion of SiHa-REX1 and HeLa-REX1 cells were reduced by treatment with the inhibitor WP1066 ( Fig. 6g, h , p < 0.001).
All of these results further confirmed that REX1 promotes the migration and invasion capabilities of cervical cancer cells by trans-suppressing SOCS1 and activating the JAK2/STAT3-signaling pathway (Fig. 6i ).
Discussion
It has been shown that the expression of REX1 is related to increased pluripotency in many pluripotent self-renewing cells, including mES cells as well as human ES and iPS cells [15, [28] [29] [30] [31] . The function of REX1 in cancer is still controversial. REX1 in prostate cancer, renal carcinoma and ESCC migh be a tumor suppressor gene, but in glioblastoma multiforme REX1 is an oncogene [16] [17] [18] [19] 32 ]. As we known, REX1 is a zinc finger protein of YY1 family. YY1 could promote or inhibit tumor growth. For example, YY1 could inhibit the growth of pancreatic ductal adenocarcinoma [33] , but stimulate the growth of melanoma cells [34] . The molecular mechanisms underlying the conflicting effects of YY1 might depend on the type of cancer cells. Therefore, the function of REX1, which might be similar to that of YY1, was also depend on the type of cancer cells. As far as we know, there are no reports about the relationship between REX1 and cancer metastasis, and there are also no reports about the role of REX1 in cervical cancer. The present study is the first report to study REX1 in cervical cancer and the first to potentially link REX1 overexpression with cancer metastasis. The rates of cervical cancer diagnosis in developed countries have decreased dramatically because of cytologic screening and DNA testing for high-risk HPVs [35] . However, throughout the world, cervical cancer remains a considerable problem with 250,000 deaths annually attributed to cervical cancer [36] . Although early-stage and locally advanced cancers may be cured with radical surgery and chemoradiotherapy, patients with metastatic cancer have limited treatment options and extremely low survival rates [36] . The 5-year survival rate of metastatic cervical cancer is just 16.5% [37] . Therefore, it is essential to study the mechanism of cervical cancer metastasis. In the present study, the expression of REX1 in cervical carcinoma tissue was found to be higher than that in NC tissue. The TCGA database showed that the expression of REX1 was higher in cervical cancer patients with distant metastasis than in patients without metastasis. Furthermore, the Kaplan-Meier estimator survival analysis showed that as REX1 expression increased, the probability of CESC patient survival decreased (Fig. 1) .
As REX1, which contains four C2H2 zinc finger motifs, is considered as a transcription factor, REX1 staining might be expected to be predominantly nuclear, as opposed to cytoplasmic. However, that was not the case. In recent studies, REX1 has been detected in the cytoplasm of cells in normal human renal tissue [32] and in both the nucleus and cytoplasm of all cells in the mouse blastocyst [38] . Our results showed that REX1 protein was detected in both the nucleus and cytoplasm of cervical cancer cell lines especially in the ICC assay (Fig. S1 ). Palko et al. [39] have demonstrated that the subcellular distribution pattern of YY1 alters during the cell cycle; YY1 is predominantly cytoplasmic in the G 1 phase, primarily nuclear during the early and middle S phase and subsequently returns to the cytoplasm later in the S phase. We hypothesize that the expression of REX1 might be similar to that of YY1, the cellular localization of which is related to the cell cycle, but this hypothesis needs to be confirmed in a further study.
Moreover, we found that REX1 overexpression might promote distant metastasis of cervical cancer in vivo and promote the migration and invasion of cervical cancer cell lines in vitro (Figs. 2 and 3 ). It has been reported that EMT is a primary process that involves increased cervical cancer progression, invasion, and metastasis with a loss of epithelial markers, such as E-CADHERIN, and a gain of mesenchymal markers, such as VIMENTIN [40] . Our study found that overexpression of REX1 induced significant expression changes in several EMT-related genes, including downregulated expression of the epithelial marker E-CADHERIN, and upregulated expression of the mesenchymal marker VIMENTIN (Fig. 4) . Our results suggested that REX1 could promote the metastasis of cervical cancer. This is the first report to link REX1 to the metastasis of cervical cancer, possibly through the EMT process.
It has been reported that activated JAK/STAT signaling is involved in metastasis in cervical carcinoma. In a study, positive p-STAT3 staining was observed in 56.8% of cervical SCC patients and was significantly correlated with lymph node metastasis and lymphovascular invasion [41] . STAT3 is reported to increase invasion and metastasis by inducing matrix metalloproteinase (MMP) expression [22] . STAT3 can also bind to an antisilencer element in the VIMENTIN promoter to enhance VIMENTIN gene expression and can directly or indirectly target certain transcriptional regulators of E-CADHERIN, such as HIF-1 and SLUG, to regulate EMT progression in cancer [20, 21] . Consistent with the above findings, we found that the levels of JAK2, p-JAK2 (Tyr1007/1008), and p-STAT3 (Tyr705) were upregulated in REX1-overexpressing cervical cancer cells ( Fig. 5a, b, d, e ), suggesting that REX1 promotes the metastasis of cervical cancer, probably through the activation of the JAK2/STAT3-signaling pathway.
It has been reported that SOCS1, a known JAK kinasebinding protein, can inhibit JAK/STAT3 activation directly through binding to the JAK2 activation loop with its SH2 domain and targeting JAK2 for ubiquitination and proteasomal degradation with its COOH terminal homology domain [40] . The downregulation of SOCS1 expression can activate the JAK2/STAT3-signaling pathway and elevate the expression levels of MMP9 in melanoma [42] . In the present study, both the mRNA and protein expression levels of SOCS1 were decreased after REX1 overexpression ( Fig. 5a-e ). The SOCS1 staining in SiHa-GFP cells was much higher than that in HeLa-GFP cells in the IHC assay, which was inconsistent with the western bolt results shown in Fig. 5a . The SOCS1 expression in SiHa-GFP and HeLa-GFP cells was not assessed under the same exposure conditions or on the same western blot membrane, but the SOCS1 expression in the IHC assay was analyzed under the same conditions and DAB chromogenic reaction time. Therefore, the expression of SOCS1 was detected on the same membrane by the western blot assay (shown in Fig.  S6 ) and found to be consistent with the SOCS1 staining in the IHC assay in Fig. 5d .
Furthermore, the levels of JAK2, p-JAK2 (Tyr1007/ 1008), p-STAT3 (Tyr705), and VIMENTIN protein were reduced in REX1-overexpressing cells transiently transfected with recombinant SOCS1 plasmids or treated with the JAK2/STAT3 inhibitor WP1066, and the migration and invasion of the treated cells were reduced (Fig. 6a-h) . Therefore, REX1 promotes the migration and invasion of cervical cancer cells by increasing the activity of the JAK2/ STAT3-signaling pathway, probably by transsuppressing SOCS1.
There was no statistical significance of the correlation between REX1 and SOCS1 gene expression in the TCGA database, whether in all 304 patients (CESC) or in the 29 patients with distant metastasis. There might be three explanations for the lack of correlation between REX1 and SOCS1 mRNA expression levels in the TCGA database. First, the gene expression of patients is influenced by many factors, such as pathological type, pathological stage, age, drug treatment, and basal gene expression level, which affect the mRNA expression of genes. Second, the pathological tissues of patients we obtained might include a variety of cell types, such as cervical cancer cells, stromal cells, and immune cells, which could influence the correlation of two genes in cancer cells. Third, the TCGA data are the mRNA levels of genes, but the mRNA expression level is not completely consistent with that of protein expression. In our study, we detected decreased expression of SOCS1 at the mRNA and protein levels in REX1overexpressing cells, and confirmed by the dual-luciferase reporter assay and qChIP assays that REX1 trans-suppresses the expression of SOCS1 by binding to the SOCS1 promoter, which makes our results more convincing than the TCGA correlation results.
Sobti et al. [43] found that the mRNA and protein expression levels of SOCS1 in cervical cancer tissues were undetectable or reduced, and aberrant promoter methylation of SOCS1 was also found; thus, the transcriptional inactivation of the SOCS1 gene might be due to SOCS1 promoter hypermethylation. Kim et al. [44] demonstrated that histone deacetylation might be another regulatory mechanism involved in the regulation of SOCS1 expression in cervical cancer. In the present study, using the dual-luciferase reporter assay, we observed that the SOCS1 promoter was trans-suppressed in REX1-overexpressing cervical cancer cells ( Fig. 5f-g) and qChIP assays confirmed that REX1 bound to two specific fragments of the SOCS1 promoter ( Fig. 5h-j) . These data indicate that REX1 probably acts as a transcriptional repressor to trans-suppress SOCS1 expression. Kim et al. [45] demonstrated that YY1 likely plays a role in the de novo DNA methylation of the differentially methylated regions of Peg3 and Xist during oogenesis. Other studies have found that YY1 negatively regulates the transcription of target genes by recruiting histone deacetylase and inducing the deacetylation of associated histones [46, 47] . Therefore, we wonder whether the mechanism of REX1-mediated SOCS1 transcriptional regulation in cervical cancer is similar to that of YY1, involving the promotion of target methylation or the recruitment of histone deacetylase to play a negative regulatory role. More in-depth research might be required to further define the molecular mechanism of the REX1mediated reduction in SOCS1 expression in cervical cancer.
In conclusion, our study is the first to demonstrate that REX1 activates the JAK2/STAT3-signaling pathway by binding to the SOCS1 promoter and trans-suppressing SOCS1, promotes the EMT process by upregulating VIMENTIN and downregulating E-CADHERIN, finally promotes the metastasis of cervical cancer in vivo and the migration and invasion of cervical cancer cells in vitro (Fig. 6i ).
Materials and methods

Human tissue specimens
A total of 30 NC and 48 cervical SCC samples were collected from the First Affiliated Hospital of Xi'an Jiaotong University from 2009 to 2016. All the procedures followed approved medical ethics practices. None of the patients had received chemotherapy, immunotherapy, or radiotherapy before the specimens were collected. The histological classifications and clinical staging were done in accordance with the International Federation of Gynecology and Obstetrics classification system. The institutional review board named as Ethics Committee of Medical School of Xi'an Jiaotong University in Shannxi, China approved the population study, while all the patients provided their informed consents prior to specimen collection.
Immunohistochemistry and immunocytochemistry
The immunohistochemical staining procedure was performed as previously described [7] . According to the percentage and staining intensity of REX1 positive cells in basal cells of NC tissues, or in tumor cell nests of cervical cancer tissues which defined as clustered tumor cells surrounded by tumor stroma [48, 49] , REX1 staining was classified into three categories: negative, weak positive, and strong positive. The percentage of positive cells was divided into five score ranks: <10% (0), 10-25% (1), 25-50% (2), 50-75% (3), and >75% (4). The intensity of staining was divided into four score ranks: no staining (0), light brown (1), brown (2) , and dark brown (3). The staining positivity was determined by the following formula: IRS = intensity score × quantity score. The overall score of ≤3 was defined as negative, >3 but ≤6 as weak positive, and >6 as strong positive. Two different pathologists evaluated all the specimens in a blinded manner. The antibodies used were as follows: anti-REX1 (1:100 dilution, #377095, Santa Cruz, USA), anti-VIMENTIN (1:100 dilution, #sc-6260), anti-E-CADHERIN (1:150 dilution, #sc-8426), anti-STAT3 (1:100 dilution, #9139, Cell Signaling Technology, USA), anti-JAK2 (1:100 dilution, #sc-390539), and anti-SOCS1 (1:100 dilution, #A7754, ABclonal, China).
For the immunocytochemistry experiments, cells were cultured on cover slips, fixed with 4% paraformaldehyde for 30 min at room temperature, permeabilized with 0.2% Triton X-100 for 15 min at room temperature, and then incubated with the primary antibodies described above.
Cell lines and cell culture
The human cervical cancer cell lines (HeLa, SiHa, C-33 A, CaSki, and HT-3) were purchased from American Type Culture Collection (ATCC; Manassas, VA) and were tested using RT-PCR for mycoplasma contamination. The cell lines purchased from ATCC have been authenticated by STR profiling, so authentications were not performed. The HeLa, SiHa, C-33 A cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Sigma-Aldrich, St Louis, MO, USA); CaSki and HT-3 cells were cultured in RPMI-1640 (Sigma-Aldrich) and McCoy's 5A medium (Sigma-Aldrich), respectively, supplemented with 10% heat-inactivated fetal bovine serum (FBS; Hyclone, Thermo Scientific, Waltham, MA, USA). All cell lines were maintained at 37°C with 5% CO 2 .
Vector construction and transfection
Human full-length REX1 (NM_174900.4) cDNA was amplified by reverse transcription polymerase chain reaction using mRNA extracted from HeLa cells. The primer sequences were designed as follows: REX1-F: 5-′ CCGGTCGACGAAAACATGAGCCAGC AACT -3′; REX1-R: 5-′ CGCGGATCCGTTGGAGGACTACTTT CCCTC -3′.
The REX1 DNA fragment was subsequently cloned into the Sal I and BamH I (TaKaRa, Tokyo, Japan) sites of an internal ribosome entry site vector, pIRES2-AcGFP1-Neo (Clontech, Mountain View, CA), to generate the recombinant pIRES2-AcGFP1-Neo-REX1 plasmid.
The empty plasmid pIRES2-AcGFP1-Neo and overexpression plasmid pIRES2-AcGFP1-Neo-REX1 were transfected into HeLa and SiHa cells by liposome transfection using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Successful transfection was verified as green fluorescence under fluorescence microscope. Then, G418 with a concentration of 1 g/L was added for screening. Stable transfected HeLa and SiHa cells were treated with G418 (Calbiochem, La Jolla, CA, USA) for~3 weeks, the clones expressing neomycin resistance steadily were obtained, expanded, and the expression of REX1 protein was identified using western blotting. REX1-overexpressing cell clones (transfected pIRES2-AcGFP1-Neo-REX1, labeled SiHa-REX1, and HeLa-REX1) and control cells clones (transfected pIRES2-AcGFP1-Neo, labeled SiHa-GFP, and HeLa-GFP) were maintained as monoclonal cells treated with G418 with a concentration of 1 g/L all the time. After pIRES2-AcGFP1-Neo-REX1 or pIRES2-AcGFP1-Neo plasmids been transient transfected into 293T cell lines, protein was collected after being transfected 48 h. After pIRES2-AcGFP1-Neo-REX1 or pIRES2-AcGFP1-Neo plasmids been transient transfected, mRNA was collected after being transfected 24, 36, and 48 h in 293T cells and 36, 48, 60, and 72 h in SiHa and HeLa cells.
Murine experimental metastasis experiments
Four-to six-week-old female BALB/c nude mice (obtained form Shanghai Slac Laboratory animal co. ltd, China) were housed in a specific pathogen free room with constant temperature (22-25°C) and humidity (40-50%) .
For the spontaneous metastasis assay, twelve mice were randomly divided into two groups, with six mice in each group. REX1-overexpressed SiHa or HeLa cells and the respective control cells (1 × 10 6 /mouse) in the exponential growth phase were harvested and injected (100 μL per site) into the subcutis on the dorsum of each mouse, respectively. Tumors were measured in two dimensions by using manual calipers. Tumor volume was calculated using the following formula: V = 0.5 × length × width 2 . Tumor volume was measured every 2-3 days. About 8 weeks later, the mice were executed; the livers and lungs were removed and subjected to histologic examination.
For experimental lung metastasis assay, twelve mice were randomly divided into two groups, with six mice in each group. REX1-overexpressed SiHa or HeLa cells and the respective control cells (5 × 10 5 /mouse) in the exponential growth phase were harvested and injected into tail veins of each mouse. About 6 weeks after injection, mice were executed; the livers and lungs were removed and subjected to histologic examination.
Livers and lungs were fixed in 4% formalin and embedded in paraffin, and 5 μm sections were stained with H&E. For each sample, all micrometastases were counted under a light microscope at ×10 magnifications. Three sections were counted per mouse sample at 50 μm intervals and average the results.
All animal studies (including the mice euthanasia procedure) were done in compliance with the regulations and guidelines of the Xi'an Jiaotong University Institutional Animal Care and conducted according to the AAALAC and the IACUC guidelines.
Wound repair assays
Cells were plated in 24-well plates at 10 6 cells/well in 1 mL of culture medium. After 2 days, a wound was scratched in the adherent cell monolayers with an Eppendorf tip, and the medium was changed to DMEM supplemented with 1% FBS (Invitrogen). The wells were examined every day, and photomicrographs were taken on a Nikon Eclipse Ti as described above. Wound width was measured on the photomicrographs, using the same area of the well for each measurement. The experiment was repeated in three independent experiments.
Migration and invasion assays
Transwell chambers (Corning, Corning, NY, USA) equipped with 8-μm pore insets were used for the migration and invasion assays. For the migration assay, 8 × 10 4 REX1overexpressing SiHa or HeLa cells and the respective control cells in serum-free medium were plated on uncoated insets and incubated for 48 h. For the invasion assay, the insets were coated with 70 μL of 1:8-diluted Matrigel (BD Biosciences), and 1 × 10 5 cells were plated in the serum-free medium described above for an incubation period of 48 h. Quantities of 600 μL of culture medium containing 20% FBS (Invitrogen) were added to the lower chamber. Noninvaded cells were removed, and the cells that were attached to the bottom of the membrane were fixed with 4% paraformaldehyde, stained with 5% crystal violet (Sigma-Aldrich), and counted at 200-fold magnification. The experiment was repeated in three independent experiments.
RNA preparation and transcriptome resequencing
Three HeLa-GFP monoclonal cells and three HeLa-REX1 monoclonal cells were used for transcriptome resequencing. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). A total of six samples were measured using the BGISEQ-500 platform, and the average output of each sample was 11.03 Gb. The average ratio of sample to genome was 94.15%, and the ratio of comparison to gene set was 75.40%. The experiment analysis used the NOISeq method, which is a novel nonparametric approach for the identification of differentially expressed genes (DEGs) based on log2 fold change > 1 and a probability ≥ 0.80 [50] . According to the results of GO annotation and official classification, we classify the DEGs and analysis by using the Phyper function in R software [51, 52] . Then FDR was corrected for p value, and the function of FDR ≤ 0.01 was usually seen as significant enrichment.
Western blotting
Cells and clinical tissues were lysed for 30-45 min on ice in lysis buffer containing freshly added protease inhibitor cocktail (Roche Diagnostics, USA). After BCA quantification (Pierce, USA), the protein was added to 5× loading buffer and boiled at 95°C for 10 min. Equal amounts of protein were separated by SDS-PAGE and blotted onto activated polyvinylidene difluoride membranes (Millipore, USA). After blocking, the membranes were incubated with primary antibodies overnight at 4°C. The antibodies used were as follows: anti-REX1 (1:1000 dilution, #GTX60780, Genetex, USA), anti-GAPDH (1:1000 dilution, #sc-47724, Santa Cruz, CA, USA), anti-VIMENTIN (1:1000 dilution, #sc-6260), anti-E-CADHERIN (1:500 dilution, #sc-8426), anti-MMP9 (1:500 dilution, #sc-21733), anti-STAT3 (1:1000 dilution, #9139, Cell Signaling Technology, USA), anti-p-STAT3 (Tyr705) (1:1000 dilution, #9131, Cell Signaling Technology), anti-JAK2 (1:500 dilution, #WL02188, Wanleibio, China), anti-p-JAK2 (Tyr1007/ 1008) (1:500 dilution, #WL02997, Wanleibio), anti-SOCS1 (1:1000 dilution, #A7754, ABclonal, China), and anti-SOCS3 (1:500 dilution, #WL01364, Wanleibio). The secondary incubation antibodies used a horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG (Thermo Fisher Scientific, New York, NY, USA). The signals of antigen-antibody complexes were detected by ECL enhanced chemiluminescence solution (Millipore, Billerica, MA, USA). The signal intensity was quantified using the protein imprinting imaging system (Tanon 5200, China). To clearly demonstrate the difference, the relative gray-scale value of target protein versus GAPDH of the control group was set as 1. Results shown were representative of three independent experiments.
Dual-luciferase reporter assay
Fragments of the SOCS1 promoter (predicted from position −2024 bp to +504 bp), were cloned into the pGL3-Basic Vector (Promega, Madison, WI, USA) to generate promoter reporter constructs, respectively. All constructs were verified by sequencing. Cells were seeded in 24-well plates and transiently transfected with plasmids containing firefly luciferase reporters and recombinant promoter reporter constructs. The luciferase activity was measured after incubation for 48 h using the dual-luciferase assay kit (Promega). All experiments were performed as three independent experiments. The transfection efficiency was normalized with Renilla luciferase activity. The specific promoter activity was presented as the change in the experimental group versus the control group. The primers and oligonucleotides are listed in Table S2 . The specific activity was shown as the fold change of the experimental group versus the control group.
Quantitative chromatin immunoprecipitation qChIP assays were performed according to the manufacturer's protocol for the EZ-Magna ChIP Assay kit (Millipore, Darmstadt, Germany). Chromatin-protein complexes were immunoprecipitated with 5 μg of anti-REX1 antibodies (sc-377095, Santa Cruz, CA, USA) and 20 μL of fully resuspended protein A/G magnetic beads. For the negative control, 1 μg of normal mouse IgG was used. Realtime PCR was performed to amplify the regions of interest or internal negative control regions. Each sample was assayed in triplicate, and the amount of precipitated DNA was calculated as a percentage of the input sample. The primers used in quantitative ChIP assays are listed in Supplementary Table 2 .
TCGA data acquisition
RNAseq and clinical data were acquired using TCGA by cervical squamous cell CESC patients (n = 304, including 260 SCC, 22 endocervical type of adenocarcinoma, 15 mucinous adenocarcinoma of endocervical type, and 7 adenosquamous). According to their distant metastasis status listed in the clinical information, patients can be divided into two groups (n = 29 for patients with distant metastasis, n = 275 for patients with no distant metastasis). Moreover, survival analyses were performed with Kaplan-Meier estimator from the Kaplan-Meier plotter (http://kmplot.com/a nalysis/index.php?p=background).
The corresponding clinicopathological information is from TCGA data portal (https://tcga-data.nci.nih.gov/tcga/ tcgaDownload.jsp). The personal information of the patients was anonymized, and the patients were not identified. According to TCGA publication guidelines (http://ca ncergenome.nih.gov/publications/publicationguidelines), these mRNA sequencing data have no restrictions on publication, and no additional approval by an ethics committee was required to publish the use of the data.
Statistical analysis
Statistical analysis was performed with SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). Measurement data were analyzed with mean ± standard deviation; The two-tailed χ 2 test or Fisher's exact test was used to determine the significance of the differences between the covariates. A univariate analysis was analyzed by Student's t-test (two tailed) and the Mann-Whitney U-test. For comparison among groups, the χ 2 test or one-way ANOVA was performed. A p value < 0.05 was considered statistically significant.
